Purpose: To determine the ability of multiparametric MR imaging to predict disease progression in patients with prostate cancer managed by active surveillance. Methods: Sixty-four men with biopsy-proven prostate cancer managed by active surveillance were included in this HIPPA compliant, IRB approved study. We reviewed baseline MR imaging scans for the presence of a suspicious findings on T2-weighted imaging, MR spectroscopic imaging (MRSI), and diffusion-weighted MR imaging (DWI). The Gleason grades at subsequent biopsy were recorded. A Cox proportional hazard model was used to determine the predictive value of MR imaging for Gleason grades, and the model performance was described using Harrell's C concordance statistic and 95% confidence intervals (CIs).
Prostate cancer is the most prevalent noncutaneous cancer in men, and presents with a broad clinical spectrum ranging from indolent to rapidly progressive disease. Due to the complications of definitive treatment with either surgery or radiation, active surveillance has emerged as a management strategy for patients with low risk prostate cancer. In this protocol, patients are followed with serial PSA measurements, clinical exam, and biopsy, with the aim of avoiding or delaying definitive treatment [1] . However, a subset of patients managed on active surveillance develop worsening cancer, manifested by increase in Gleason score or increased volume of disease on subsequent biopsy, and therefore may require definitive treatment [2, 3] .
Multiparametric magnetic resonance (MR) imaging is a promising tool for predicting which patients will progress on subsequent biopsy, and therefore fail active surveillance. While MR imaging protocols vary from practice to practice, all include T2-weighted MR imaging. Other sequences that are used are diffusion-weighted Correspondence to: Antonio C. Westphalen; email: antonio.westphalen@ ucsf.edu
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MR imaging (DWI), magnetic resonance spectroscopic imaging (MRSI), and dynamic contrast-enhanced MR imaging (DCE) [4] [5] [6] [7] . The role of MR imaging in the management of patients on active surveillance is controversial; however, prior studies have demonstrated a correlation between abnormal MR imaging findings and high-grade cancer [8] [9] [10] .
Accordingly, the goal of this study was to determine the ability of multiparametric MR imaging to predict disease progression in patients with prostate cancer managed by active surveillance.
Materials and methods

Subjects and outcome
Our institutional review board approved this retrospective cohort study. Informed consent was prospectively obtained from all study participants at the time of scanning and before their data were entered into our HIPAA compliant database for use in future research. A single author (CL) searched our database for all MR imaging scans done prior to June 30th, 2012, and collected patients' clinical data. The electronic medical record of all patients was reviewed.
Inclusion criteria were as follows:
-Biopsy-proven prostate cancer managed with active surveillance at our institution. -Gleason score 6 or less, without grade 4 or 5.
-Total serum PSA £ 10 ng/mL. -Clinical stage £ T2B. -Multiparametric MR imaging done within 18 months of the diagnosis. We opted for this time interval because in our institution patients under active surveillance undergo PSA follow-up every 3-4 months and MR imaging and/or TRUS-guided biopsy between 6 and 18 months. -Follow-up transrectal ultrasound-guided biopsy of the prostate. Some patients had multiple subsequent biopsies.
Patients in which any one of the MR imaging sequences was non-diagnostic were excluded from the study. The outcome of interest was disease progression under active surveillance, which was characterized as Gleason score upgrade, i.e., identification of Gleason grade 4 or 5 at any subsequent biopsy. Our institution's current TRUS-guided biopsy protocol acquires 12-14 core specimens systematically, cores targeted to any sonographic abnormality, and cores targeted to findings seen on MR imaging, when applicable. The time to most recent biopsy or disease progression was recorded.
MR imaging technique
MR studies were performed with a 1.5 T (Signa; GE Healthcare, Waukeshaw, WI) or a 3.0 T (GE Healthcare Technologies, Waukeshaw, WI) whole-body MR scanner. Patients were imaged in a supine position. A body coil was used for excitation, and a pelvic phased-array coil (GE Healthcare, Waukeshaw, WI) and a commercially available expandable balloon endorectal coil (Medrad, Pittsburg, PA) filled with perfluorocarbon (Flutech_T14 TM, F2 Chemicals, UK) were used for signal reception. After a 3D localizer scan, axial and coronal T2-weighted high spatial resolution fast spinecho magnetic resonance (MR) images (3 mm/0 mm, TR/TE = 6000/96 ms, ETL-16, FOV-14, 256 9 256) of the prostate and seminal vesicles were acquired to identify prostate zonal anatomy and pathology. Axial spinecho T1-weighted MR images (5 mm/1 mm, TR/ TE = 9/950 ms, FOV-24, 256 9 256) were obtained from the aortic bifurcation to the symphysis pubis for the assessment of pelvic lymph node and bone metastases. Diffusion-weighted MR images (DWI) were acquired using either a 2D single-shot fast spin echo (SSFSE)-DWI sequence or a 2D single-shot EPI spin-echo DWI sequence. The DWI images were obtained with slice locations and obliquity identical to the oblique axial T2-weighted images. The SSFSE-DWI images were acquired with the following parameters: FOV = 24 cm, 256 9 128, slice thickness = 3 mm, 62 kHz bandwidth, b = 0 + 600, 6-gradient directions, single-shot (sub-second), with four repetitions. The EPI-DWI images were acquired with the following parameters: FOV = 24 cm, 256 9 128, slice thickness = 3 mm, 200 kHz bandwidth, b = 0 + 600, six-gradient directions, single-shot (subsecond), with four repetitions. At both 1.5 and 3 T, 3D MR spectroscopic imaging (MRSI) data were acquired using a water-and lipid-suppressed double-spin-echo point resolved spectroscopy sequence with spectral-spatial pulses for the two 180°excitation pulses, and outervoxel saturation pulses. Using this sequence at 1.5 T, 0.24 cc resolution MRSI data were acquired with; NEX = 1, 16 9 8 9 8 phase encoding, and a TR/TE = 1000/130 ms, yielding a scan time of 8 min. Using a MLEV-PRESS sequence [11] at 3 T, 0.24 cc resolution MRSI data were acquired with; NEX = 1, 16 9 10 9 8 phase encoding using an interleaved echo-planar spectroscopic readout in the left-right dimension, TR/ TE = 2000/85 ms, yielding a scan time of 8 min. The total exam time including patient setup and acquisition of the MR data was approximately 1 h.
Image interpretation
Imaging findings on all three modalities were determined for each half of the gland. All three imaging parameters were reviewed independently, without comparison with other imaging sequences. Except for the fact that patients had prostate cancer, readers were unaware of clinical and histological data during imaging assessment.
T2-weighted MR images were jointly analyzed by RF and AW, radiologists with 2-and 15-year experience, respectively. A five-point scale based on the approach proposed by Barentsz et al. [12] was used to characterize each half of the gland (1 = definitely no cancer; 2 = probably no cancer; 3 = indeterminate; 4 = probably cancer; 5 = definite cancer). A score of 4 or 5 was considered as a positive result.
DWI were analyzed using apparent diffusion coefficient (ADC) maps. Diffusion-weighted imaging was scored in a binary way; an abnormal scan was characterized by the presence of a region of low signal intensity, with volume greater than 0.03 cc, which contained ADC values lower than the threshold value indicative of significant cancer. Regions of interest (ROIs) were drawn by two authors, AW and RF, on the ADC maps on all suspicious foci, and the mean ADC values were obtained. For images acquired with the echo-planar imaging sequence, the threshold was 1100 9 10 -6 mm 2 /s. The ADC threshold for prostate cancer was empirically determined to be 18% lower using the Fast Spin Echo (FSE) sequence which was similar to a previously published values [13] . In addition, recent studies have correlated the ADC values obtained at MR imaging with radical prostatectomy specimens, with mean values ranging from 860 to 1100 9 10 -6 mm 2 /s indicative of the presence of Gleason 4 pattern tumor [14] [15] [16] [17] [18] . Accordingly, a value of 900 9 10 -6 mm 2 /s was computed for the cancer threshold for the SSFSE DWI studies. There is known variation of ADC values up to 5% at different field strengths, based on phantom studies [19] . To our knowledge, however, this phenomenon has not been investigated in prostate MR imaging. Therefore, we opted for not normalizing ADC values for field strength.
MR spectroscopic imaging was scored in a binary way, with a positive MR spectroscopic imaging defined as an exam with three or more consecutive voxels having a choline + creatine to citrate (CC/C) ratio ‡3 standard deviations above the mean healthy peripheral zone value. The use of standard deviations to categorize MR spectroscopic findings is one of the recommended interpretative approaches proposed by Barentsz et al. [12] ; a CC/ C ratio ‡3 standard deviations represents scores 4 and 5 in that publication. For exams performed with a 1.5 T magnet, the normal mean CC/C ratio was empirically determined to be 0.26 ± 0.13 which was close to the previously published value [20] . On a 3.0 T scanner, the normal mean CC/C ratio was empirically determined to be 0.43 ± 0.18. MR spectroscopic images were data were processed off-line on an UltraSparc workstation (Sun Microsystems, Mountain View, CA) utilizing in-house software previously developed specifically for 3D-MR spectroscopic imaging studies. Integrated peak area values for choline, creatine, and citrate and peak area ratios for choline to creatine and choline plus creatine to citrate were automatically calculated for each voxel. This process was performed by a medical MR spectroscopist, JK, who has 23 years of experience on spectroscopic imaging. Images were then jointly reviewed by RF and AW for analysis.
In addition, we classified patients into groups based on the number of positive imaging parameters: (a) men with normal examinations, (b) men with one positive MR sequence, (c) men with any two concordant positive MR imaging sequences, and (d) men with concordant positive findings on all three MR sequences.
Statistical analyses
Median and range were used to describe the patient cohort with respect to clinical, imaging, and outcome variables. Cox proportional hazard models were used to determine the probabilities of biopsy upgrade at subsequent TRUS-guided biopsy (Gleason score upgrade, defined as identification of Gleason grade 4 or 5, on subsequent biopsy). As MR imaging abnormalities were localized to the right or left hemiprostate, the analyses were performed taking into account the cluster effect, therefore allowing for the calculation of robust standard errors. The Cox models were built with (1) a single predictor (T2-weighted MRI results, diffusion-weighted MRI results, or MRSI results); and (2) all three predictors (T2-weighted MRI results, diffusion-weighted MRI results, and MRSI results) to estimate the probability of a positive outcome. The performance of each diagnostic approach was described using Harrell's C concordance statistic and 95% confidence intervals (CIs). The c statistic measures how well the model predicts the outcome and is analogous to the area under the receiver-operating characteristic curve.
Fisher's exact test was be used to assess whether men with a greater number of positive MR parameters (all negative, only one, any two, or all three positive sequences, i.e., T2-weighted MR imaging, diffusionweighted MR imaging, and MR spectroscopic imaging) were more likely to present Gleason upgrade on a subsequent biopsy. An additional secondary univariate survival analysis was performed using the number of positive parameters as a predictor of biopsy upgrade.
Statistical calculations were performed using Stata 13.1 (College Station, TX). All test was two-tailed and a 5% level of confidence was considered significant.
Results
Subjects and outcome
A total of 69 men were eligible for the study, but five were excluded due to non-diagnostic images (diffusionweighted MR imaging = 1; MR spectroscopic imaging = 2; both = 2). Our final study population was composed of 64 men with a median age of 60.7 years (range 45.1-74.5). The median total serum PSA was 4.7 ng/ml (range 0.6-9.7). All men had a Gleason score of 3 + 3 at baseline. Most men (51/64, 80%) presented with clinical stage T1C (no palpable abnormality of digital rectal examination). Of the 64 patients, 33 (52%) showed Gleason upgrade on a subsequent biopsy. These and other characteristics are summarized in Table 1 .
MR imaging
Forty-three scans (67%) were performed on a 1.5 T magnet, while 21 (33%) were done on a 3.0 T magnet. Imaging was positive on T2-weighted MR imaging in 35 patients (35/64, 55%); in 12 men (12/64, 19%) findings were bilateral. On MR spectroscopic imaging, 19 men (19/64, 30%) demonstrated positive results, i.e., 3 or more contiguous abnormal voxels. Findings were bilateral in six patients (6/64, 9%). Diffusion-weighted MR imaging was obtained using echo-planar imaging (23/64, 36%), fast spin echo (41/64, 64%) sequences. Fourteen patients (14/64, 22%) demonstrated positive findings on ADC maps, in two of which it was bilateral (2/64, 3%). These results are summarized in Table 2 . One representative normal examination and one representative examination with a concordant T2-weighted MR imaging, diffusion-weighted MR imaging, and MR spectroscopic imaging abnormalities are presented in Figures 1  and 2 .
Outcome prediction
Using univariate analyses, all three imaging parameters predicted failure of active surveillance, with hazard ratios of 3.07 (95% CI 1.81-5.21; P < 0.001) for T2-weighted MR imaging, 5.25 (95% CI 2.79-9.86; P < 0.001) for DWI, and 2.26 (95% confidence interval 1.21-4.23; P = 0.01) for MRSI.
The Cox proportional hazard model that incorporated all imaging parameters (T2-weighted MR imaging, DWI, and MRSI) showed that only T2-weighted MR imaging and diffusion-weighted MR imaging remained as independent predictors of biopsy upgrade in a statistically significant manner (T2; hazard ratio = 2.46; 95% CI 1.36-4.46; P = 0.003-diffusion; hazard ratio = 2.76; 95% CI 1.13-6.71; P = 0.03). The c statistic for this model was 67.7% (95% CI 61.1-74.3). Table 3 shows that an increasing rate of Gleason score upgrade was seen with a greater number of concordant positive sequences (P = 0.008). Seven of twenty-five men with normal exams (28%) had subsequent biopsy upgrade, compared to 13/22 (59%) with one positive MR sequence, 3/5 (60%) with two positive MR sequences, and 10/12 (83%) of patients in whom all three sequences were positive. The survival analysis demonstrated a hazard ratio of 2.49 for disease progression (95% CI 1.72-3.62, P < 0.001). In other words, a man with one additional positive parameter who has not yet progressed by a certain time has more than twice the chance of showing progression at a later point in time compared with someone with one fewer positive MR parameter. Notably, of the patients with a concordant T2, MRSI, and ADC abnormality 10/12 progressed on subsequent biopsy (positive predictive value of 0.83). 
Discussion
We found that multiparametric MR imaging can be used to assess the risk of prostate cancer progression in men under active surveillance. In particular, we found that T2-weighted MR imaging and diffusion-weighted MR imaging are independent predictors of Gleason score upgrade on subsequent biopsies and that the probability of disease progression gets higher as the number of positive MR sequences of a multiparametric protocol increases. Prior studies have aimed to characterize the role of prostate MR imaging in active surveillance using two main approaches. First, imaging findings have been correlated with pathologic results in patients who would have qualified for active surveillance, but instead underwent radical prostatectomy. Most of these studies have demonstrated that suspicious findings on various MR imaging sequences and on multiparametric protocols [14, 16, [21] [22] [23] [24] [25] [26] [27] [28] [29] correlate with adverse histology. Second, imaging findings have been correlated with subsequent disease progression in actual or potential active surveillance patients by various metrics, including PSA velocity [30, 31] , progression to radical treatment [31] [32] [33] [34] , upgrade at biopsy [31, [33] [34] [35] [36] [37] [38] [39] [40] , or a combination of these metrics [31] . The primary utility of MR imaging in these patients is thought to be the detection of lesions that are under sampled in a conventional transrectal ultrasound-guided prostate biopsy, particularly in the anterior gland [2, 35, 37, 41] . Recent studies have correlated findings on multiparametric MRI with biopsy results using methodology different from our own, for example utilizing dynamic contrast-enhanced imaging, or using size criteria to define suspicious lesions [35, [37] [38] [39] [40] .
Our data provide important complementary information to the prior research. First, not all of these previous studies have used multiparametric MR imaging [30, [32] [33] [34] , which is now considered by many experts the current standard of care and has been supported by wellknown institutions in the field, including the European Society of Urogenital Radiology, the AdMeTech Foundation, and the American College of Radiology [42] . Also, in comparison with other recent reports that did investigate multiparametric MR imaging [37] [38] [39] [40] , our study includes post-MRI transrectal ultrasound-guided biopsy data on all patients, which is currently considered standard of care in active surveillance patients. In particular, some of these studies correlated imaging findings with patients who had already progressed, and therefore failed active surveillance, at the time of MRI [39, 40] . Other studies used MR-guided biopsy, which is a promising novel technique for detection of progression, but is still considered experimental [37] , or only performed biopsies in patients with positive MR results [38] . Our study aims to answer a different question, namely whether an MRI predicts failure of active surveillance at a subsequent biopsy using otherwise standard of care methods.
Arguably, radical prostatectomy specimens would provide the optimal standard of reference to determine Gleason score upgrading, as TRUS-guided biopsy has well-known sampling limitations. Our option to use TRUS-guided biopsy has, therefore, led to more conservative results. If Gleason score upgrading was predicted on MR imaging, but not detected by TRUSguided biopsy, we counted the result as a false-positive results of MR imaging. Yet, our results suggest MR imaging is a helpful tool to predict Gleason score upgrading, perhaps to a greater extent than described herein.
Our study has limitations. First, this was a single center study and our patient population that may not reflect the active surveillance population as a whole. In particular, programs for active surveillance have slightly different inclusion criteria at different institutions. For example, some institutions include patients with Gleason 3 + 4 disease, or exclude patients with T2 clinical stage disease. Yet, our results are, arguably, still applicable to this other population, as these men start active surveillance with a higher grade tumor. These variations limit the generalizability of single center studies such as our own. Additionally, the patient population in this study is 86% of Caucasian ethnicity, which may not reflect the distribution in other communities. Second, our study did not include DCE MR imaging, which is often included in multiparametric MR imaging protocols. It is possible that the addition of DCE would have improved the predictive power of the multiparametric MRI, although Numbers in parenthesis are percentages MR magnetic resonance, HR hazard ratio, P P value, CI confidence interval, T2 T2-weighted magnetic resonance imaging, DWI diffusionweighted magnetic resonance imaging, MRSI magnetic resonance spectroscopic imaging no study has shown this to be the case in an active surveillance population to date. Third, our study used a heterogeneous technique, including MRI field strengths of 1.5 and 3 T, and three different diffusion-weighted sequences. Unfortunately, changing technology is a common problem for imaging outcomes studies since imaging technology is always improving over time. We attempted to minimize this problem by normalizing the data acquired at different field strengths and using slightly different acquisition protocols. While this normalization provides similar biomarker thresholds for identifying prostate cancer, it does not account for the improvement in data quality over time. Although this does present a complication, our aggregate data may in fact represent an average of what is performed in the radiology community at large and therefore may be more widely applicable. Finally, our study was retrospective in design, potentially leading to bias in patient selection. In particular, our study group had a high rate of progression on subsequent biopsy (52%) in comparison with other published series, suggesting there may have been a bias in selecting higher risk patients for MRI [3] . At least in part, this could also be explained by ''sampling bias'' at the time of the initial TRUS-guided prostate biopsy, rather than true progression. Irrespective, the results of our study demonstrate that MR imaging may be a good auxiliary tool to determine eligibility to active surveillance.
In conclusion, we found that abnormal results on multiparametric prostate MRI confer an increased risk for Gleason score upgrade at subsequent biopsy in men with localized prostate cancer managed by active surveillance. In particular, we found that the presence of concordant positive findings on T2, diffusion, and MR spectroscopic imaging had an 83% positive predictive value for progression at a subsequent biopsy. Additionally, only T2 and diffusion were independent predictors of biopsy upgrade. These results add to a growing body of literature that suggest that MR imaging may help predict which patients fail management by active surveillance.
